Dibenzothiophene series is one of the most important compositions in crude oil, which generated under multiple geological and geochemical processes. The relationships between dibenzothiophene series and other biomarkers (C 29 αα sterane 20R, and C 28 triaromatic sterane 20R), combined with the research of thermochemical sulfate reduction (TSR), biodegradation, geological ages, and oil source in Paleozoic oil in Tazhong area, indicated that there are three control factors for high concentration of dibenzothiophene series. First, both middleupper Ordovician and lower Ordovician-Cambrian source rocks are marine carbonate sedimentary rocks which could produce abundant organic sulfur compounds including dibenzothiophene series. Second, biodegradation could cause the enrichment of organic sulfur compounds. In addition, sulfate reducing bacteria was able to transfer hydrocarbons and S in SO 4 2-in oil-bearing reservoir water into organic sulfur compound. It might be the main path to produce dibenzothiophene series. Third, sulfur compounds might have been formed by TSR, because S of SO 4 2Ϫ in oil-bearing reservoir water could also be transferred to H 2 S and organic sulfur compounds under high temperature, which might result in increase of dibenzothiophene series in crude oil.
INTRODUCTION
Dibenzothiophene series is abundant in crude oil, including dibenzothiophene, methyldibenzothiophene, dimethyldibenzothiophene, which are mainly in the fraction of aromatic hydrocarbons. Benzonaphthothiophene was also considered in this study for discussing the origin of hydrocarbon in Tarim Basin. These compounds are often used to study the thermal maturity of crude oil and rock extract (Radke et al., 1986; Sun et al., 2006; Liu et al., 2010) . These compounds are more abundant in marine sediments than terrestrial sediments, so they are also used to identify sedimentary environment and study the migration of oil and gas (Hughes, 1984; Bao et al., 1996; Sun et al., 2002; Lin et al., 2004; Wang et al., 2005; .
Previous studies showed that the composition of crude oil have largely changed in Paleozoic reservoirs in Tazhong Uplift Chen et al., 2004; Mi et al., 2007; Wu et al., 2009; Lü et al., 2009; Zhou et al., 2010) . Abundant of dibenzothiophene compounds were formed by geological processes Dahl et al., 1999) . In this study, we discuss the origin of crude oil with high dibenzothiophene content based on the relationships of dibenzothiophene content, thermal maturity, biodegradation, TSR, oil-cracking and oil source.
GEOLOGICAL SETTING OF TAZHONG AREA
The Tazhong Uplift is located in the center of Taklimakan Desert in Tarim Basin. This area is joined to Bachu Uplift in the west and Tadong Sag in the east. The Tazhong Uplift is oriented NW-SE, surrounded by the Manjaer Depression in the north, the Tangguzibasi Depression in the south. The Tazhong Uplift in Tarim Basin is an inherited Caledonian-Hercynian palaeo-high . 618 The formation mechanism of high dibenzothiophene series concentration in Paleozoic crude oils from Tazhong area, Tarim Basin, China Figure 1 . The distribution of oil and gas in the strata of Tazhong area (Modified after the data of Tarim Oilfield Company, PetroChina).
The geological structure in the area has been relatively stable since Silurian strata deposited, so integrated strata were developed and only denudated the top strata. The strata gradually uplifted since late-Paleozoic till middle-Cenozoic and didn't severely cut by faults. Tazhong Uplift developed marine clastic rocks and carbonates, which is a place for multiple stage oil and gas accumulation. Middle-large oil and gas reservoirs have been found in the strata of Carboniferous, Silurian, Ordovician and Cambrian (Fig. 1) . Tazhong area is one of the most abundant oil and gas accumulations in Tarim Basin. The oil and gas has already been found in reef flat complexes, Karst unconformity, Paleozoic dolomite, marine clastic rocks .
EXPERIMENTS AND RESULTS
Some representative samples of crude oil were collected from oil-bearing strata of Cambrian, Ordovician and Silurian, listed in Table 1 . All the samples were tested using the same instrument in a short time. The method is as follow.
All samples of crude oil and rock were separated into 4 fractions including saturates, aromatics, resins, and asphaltenes according to CNPC standard of SY/T5119-1995 (The extractable organic matters in rocks and oil for family groups were separated by column chromatography). In this study, we tested saturates and aromatics.
Each saturated hydrocarbon fraction was added into 100µl 5α-androstane solution in dichloromethane at concentration of 0.1068mg/ml for quantitative analysis standard of steranes, adamantanes and terpane. The response coefficients are different between 5α-androstane and 1,3-dimethyladamantane (Aldrich production, product number: 18, 783-6, and purity Ͼ99%), so 1µl, 2µl, 4µl, 40µl and 200µl 1,3-dimethyladamantane dichloromethane solution with concentration of 0.069mg/ml were added 100µl 5α-androstane solution respectively. These solutions were tested respectively by GC-MS under the same conditions in order to get a corrected relationship for quantitative calculation of adamantane.
The saturates were tested by a TRACE GC ULTRA chromatographic instrument, which is connected to Thermo DSQII mass spectrometer. The gas chromatograph is equipped with a 30 m long capillary column, type HP-5, 0.25 mm i.d, and 0.25 µm film thickness. Helium gas was used as carrier gas with 1 cm 3 /min flow rate. The temperature program was isothermal for 2min at 50ЊC, then programmed to 220 ЊC at 4 ЊC /min, and then to 320ЊC at 2.0 ЊC/min, with a final hold time of 25min. In addition, the injector temperature is 300 ЊC.
Each aromatic fraction was added 20µl deuterium anthracene (C 14 D 10 , molecular weight 188) with concentration of 0.1139 mg/ml dichloromethane solution as quantitative standard of C 28 triaromatic steroid 20R. The gas chromatograph is equipped with a 60 m long capillary column, type HP-5, 0.25 mm i.d, and 0.25 µm film thickness. Helium gas was used as carrier gas, 1 cm 3 /min flow rate. The temperature program was isothermal for 5 min at 100 ЊC, then programmed to 320 ЊC at 3 ЊC/min, with a final hold time of 25min at 320 ЊC. In addition, the injector temperature is 300 ЊC. Dahl et al. (1998) used the content of 3ϩ4-dimethyldiamantane to measure the cracking of crude oil. In this study, we use 1, 3-dimethyladamantane as the measurement, The formation mechanism of high dibenzothiophene series concentration in Paleozoic crude oils from Tazhong area, Tarim Basin, China for both 3ϩ4-dimethyldiamantane and 1, 3-dimethyladamantane are of stable chemical structure for thermal cracking. Wei's data also confirms this point (Wei et al., 2007) . We carried out an investigation for dibenzothiophene series of the crude oil in the oil-bearing strata of Cambrian, Silurian and Ordovician. The results are listed in Table 1 .
DISCUSSION

The relationships among compounds of dibenzothiophene series
The concentration of dibenzothiophene, methyl dibenzothiophene and dimethyl dibenzothiophene is related to the total concentration of dibenzothiophene series (Fig. 2) . Although the relativity is not good between trimethyl dibenzothiophene and total concentration of dibenzothiophene series, the trend is similar. For this reason, we can use total concentration of dibenzothiophene series instead of individual compound of dibenzothiophene series when they are used in geology and geochemistry research.
The relationships between dibenzothiophene series and thermal maturity
The relationships between dibenzothiophene series and C 29 αα sterane 20R
The relationship between C 29 αα sterane 20R and dibenzothiophene series in crude oil of Tazhong is different with different origin. The concentration of dibenzothiophene series is positively related to the concentration of C 29 αα sterane 20R in Silurian crude oil ( Fig. 3(a) ), but the relativity is negative in the crude oil from upper-Ordovician (O 3 l) ( Fig. 3(a) ). The Silurian reservoirs are shallow and preserved heavy biodegradation crude oil with low maturity. Hydrocarbons were used by microorganism in the process of biodegradation, so heterocyclic compounds (NSO) including dibenzothiophene series were in these oils (Peters et al., 2007; Seifert and Moldowan, 1979) . However, upper-Ordovician (O 3 l) reservoirs are deep with high maturity. No biodegradation has been observed in the reservoirs. The concentration of C 29 αα sterane 20R is less because of high temperature; they cracked into small molecules in high temperature and the high geothermal temperature makes it easier for sulfur reaction (Krouse et al., 1988; Orr et al., 1974; Zhu et al., 2005a, b; Worden et al., 1995; . Therefore, the concentration of dibenzothiophene series increases in both reservoirs.
The relationships between dibenzothiophene series and C 28 triaromatic steranes 20R
C 28 triaromatic stroids 20R was tested in aromatic fraction by partial m/z 231 chromatogram. C 28 triaromatic stroids 20R is also an indicator for thermal maturity as well as C 29 αα sterane 20R. In addition, the relationship between C 28 triaromatic stroids 20R and total concentration of dibenzothiophene series is the same as that between C 29 αα sterane 20R and total concentration of dibenzothiophene series, as in Figure 3 (c).
The relationships between dibenzothiophene series and adamantane
It is well known that the liquid hydrocarbon would crack down to small molecules when the temperature of reservoir raised to 150-170 ЊC. The concentration of steranes and terpanes gradually reduces during the cracking process. However, diamondoid is a kind of stable molecule which is resistant to cracking of oil, and concentration of which increases during this process. Diamondoid can be used as a good parameter for determination. There are few samples with high concentration of diamondoid present in the Tazhong area (Table 1 ) (were observed). However, the concentration of adamantine is positively related to that of dibenzothiophene series. Based on previous studies, the effect of cracking and TSR often happens at the same time. Dahl et al. (1999) found high concentration of adamantine in crude oil with TSR in southwest of Alabama in US. Hanin et al. (2002) also reported the same result in the sample.
The relationships between dibenzothiophene series and TSR
The presence of 2-thiaadamantane is a symbol for TSR Zhu et al., 2011) . The series of 2-thiaadamantanes is detected in crude oil of TZ 83 (5666-5684 m), including 2-thiaadamantanes, methyl-2-thiaadamantanes, dimethyl-2-thiaadamantanes, trimethyl-2-thiaadamantanes. Therefore, the O 1 y crude oil might have been experienced TSR. The content of 1, 3-dimethyladamantanes is very high in the crude oil, up to 178.42 ppm, and the content of total concentration of dibenzothiophene series is 870.79 ppm. So, the increase in dibenzothiophene series concentration is an indicator of TSR.
The relationships between dibenzothiophene series and biodegradation
In the process of biodegradation, hydrocarbons were consumed by microorganism, so the relative concentration of heterocyclic compounds increased. On the other hand, heterocyclic compounds would largely increase because of the metabolism of microorganism. SO 4 2Ϫ present in the water could have been reduced by TSR in the reservoir (Peters et al., 2007; Seifert et al., 1979) . Many other organic sulfides were generated besides dibenzothiophene series at the immature or low-maturity stages. Howerver, dibenzothiophene series is the main organic sulfides generated at high maturity because they are much more stable .
There are many geochemical parameters which can be used as the indicators of biodegradation. The ratio of 25-norhopane to hopane is often used (to determine the degree of biodegradation) in Tarim Basin. 25-norhopane is a product of biodegradation in the crude oil. The concentration of 25-norhopanes is positive related to the degree of biodegradation. The concentration of hopanes is also related to the degree of biodegradation. Therefore, the ratio of 25-norhopane to hopane is one of indicators for the degree of biodegradation. Based on the relationship of C 28 25, 30-dinorhopane/C 30 αβ hopane and depth in the Figure. 3(e), it is found that the crude oil with high ratio of 25-norhopane to hopane distributed in the Silurian reservoir (less than 4500 m) and Cambrian crude oil of well TZ1. The concentration of dibenzothiophene series is also high in that crude oil. It is known that there is an ideal environment for microbial degradation of crude oil when the temperature is lower than 80 ЊC. No biodegradation happens in the deep reservoirs as the temperature is too high. The ratio of 25-norhopane to hopane is high in three crude oil samples from well TZ1 as the depth of reservoirs are less than 4000 m, as in table 1 and Figure. 3(e).
The relationship between the ratio of C 28 25, 30-dinorhopane to C 30 hopane and the total concentration of dibenzothiophene series is shown in Figure 3(f) . In general, the ratio of C 28 25, 30-dinorhopane to C 30 hopane is high in Silurian and Cambrian crude oil.
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The ratio of C 28 25, 30-dinorhopane to C 30 hopane is not high, but the concentration of dibenzothiophene series is high. Considering the presented adamantine, it is probably indicated that much more oil has been cracked. TSR usually happens with the oil cracking. The dibenzothiophene series increases faster because of two processes, biodegradation and TSR.
Therefore, the concentration of dibenzothiophene series is high in the biodegradation oil. Moreover, the concentration of dibenzothiophene series would be much higher if there are double effects (biodegradation and TSR).
The relationships between dibenzothiophene series and geologic environment
The secondary effect of concentration of dibenzothiophene series is closely related to geological environment (Sun and Püttmann, 2001) . As the Silurian reservoir is shallow and with low temperature, there is a possibility of biodegradation. Therefore, heavy oil, tar sand and oil sand are popular in the strata and the concentration of dibenzothiophene series is high. However, Ordovician reservoir burial with high temperature, so biodegradation is less possible to happen. The concentration of dibenzothiophene series is low in most of the crude oil such as those in well TZ24, TZ828, TZ72, TZ825, TZ45, TZ85 and TZ452. However, diamondoid was found in well TZ823, ZG7, TZ83. 2-thiaadamantane was also found in TZ83, which is definitely related to TSR 2011) . Ordovician reservoirs are good reservoirs which experienced high temperature. The concentration of SO 4 2Ϫ is high in (the) formation water, which provides material for TSR (Zhu et al., 2006; Ma et al., 2007; Huang et al., 2010) . So the concentration of dibenzothiophene series is high. For well ZG17, the concentration of dibenzothiophene series is high as the reservoir is deeper (6438-6448 m).
The dolomite, saline-deposits and gypsum deposited in the lagoon environment in Cambrian, which provided plenty of SO 4
2Ϫ
. The deep burial of reservoirs could cause the TSR happen Püttmann, 1996, 2000) , and cause the concentration of dibenzothiophene series higher. The well TZ1 locates in a buried hill structure, so Cambrian strata were uplifted about 3000-4000 m by faults. The crude oil experienced biodegradation, but part of oil is from cracking oil with TSR because concentration of diamondoid is high. Also, it is related to deep reservoir, saline-deposit, gypsum, all of which provide advantageous condition for TSR.
